An automated kinetic assay for the determination of glucose in blood is described. The method employs the enzyme glucose dehydrogenase in the presence of mutarotase, with nicotinamide adenine dinucleotide as hydrogen acceptor. The analytical parameters of the method are determined and the flexibility of the method in relation to sample volume and sensitivity is discussed. Finally, the method is compared with automated glucose oxidase and hexokinase procedures.
The common methods for the enzymatic determination of glucose involve several reaction steps, leading to a loss of specificity as a result of the use of non-specific secondary reactions following the primary enzymatic modification of the glucose molecule. Furthermore, it is reasonable to suppose that the introduction of second-and, possibly, third-stage reaction sequences can influence the reproducibility and accuracy of the system. The use of a single step reaction utilising glucose dehydrogenase ({1-D-glucose: NAD oxidoreductase, EC 1.1.1.47) offers a means of overcoming these problems.
There is a group of glucose dehydrogenases which differs quite markedly in its substrate specificities and hydrogen acceptor affinities. The glucose dehydrogenase is derived from Bacillus megaterium and is NAD dependent; consequently, the product, NADH, can be measured directly at 340 nm (Banauch et al., 1975) .
Recently, there has been considerable interest shown in the use of kinetic methods of analysis for many substances, including glucose (Pardue, 1977) . There are several advantages in using this technique, especially with an enzyme-linked substrate determination. By monitoring the rate of the reaction, it is possible to increase the throughput of samples; furthermore, there may be economic advantages in using smaller quantities of more expensive reagent enzymes.
Material and methods REAGENTS The reagents were obtained from BDH Chemicals, Poole, Dorset, UK. 1 Sodium phosphate buffer 0'12 mol/I, pH 7·6: Prepare by dissolving 18·72 g NaH2P04.2H20 and 8·85 g NaCI in 800 ml of distilled water; titrate to pH 7·6 at room temperature with molar sodium hydroxide and make up to 1 litre. 
Results

Coenzyme and enzyme concentrations
Linear reaction kinetics in an enzyme system with the rate dependent on substrate concentration are best achieved when other substrates and cofactors are present in excess. Employing a glucose standard (concentration 20 mmolJl), the NAD concentration in the initiating reagent was altered to give concentrations in the reaction cuvette varying from 0·40 to 4·00 iLmol per cuvette. The reaction rate increased with NAD concentration up to 3'15 iLmol per cuvette, and therefore 4·00 iLmol was chosen for further work, representing an excess of coenzyme.
When, in a simple system, one of the substrates is in excess, then the rate of reaction is dependent on the enzyme and second substrate concentrations. The system involving glucose dehydrogenase is further modified by virtue of the fact that mutarotase (aldose-Lepimerase, EC 5.1.3.3) accelerates the reaction. The dehydrogenase preparation as supplied in a commercial kit contains mutarotase and therefore the effect of changing the mutarotase activity was investigated. The reagent preparation, as described earlier, involves the use of 1·04 units of glucose dehydrogenase and 0·0208 units of mutarotase per cuvette. The mutarotase activity per cuvette was varied from 0·0 to 0·10 units, and no change in the glucose calibration curve or obvious alteration in the shape of the reaction curve was noted above a mutarotase activity of 0·0208 units per cuvette.
To study the effect of changes in glucose dehydrogenase activity in the cuvette various dilutions of the stock buffer enzyme mixture were made. Calibration curves over a sample glucose concentration range 0-25 mrnol/I were set up for several glucose dehydrogenase concentrations. The results in Fig. 2 show that a linear calibration curve can be obtained over a wide range of reagent glucose dehydrogenase concentrations. The course of the reaction was found to be linear only at enzyme concentrations below 1·2 units per cuvette.
The relationship between enzyme activity and reaction rate means that several reagent conditions and assay volumes may be employed. The data given in Table I describe several sets of assay conditions that have been used successfully.
A visual assessment of the shape of the reaction course suggested that at pH 7·0 and below the rate was non-linear. Above pH 7·0 the reaction rate appeared to be linear with time. To allow the use of linear slope evaluation facilities available with many kinetic analysers, it was decided that a buffer pH of 7·6 was suitable in achieving pseudo zero order reaction kinetics. so 70 8·0 pH at 37°C
The procedure described represents only one variation on the analytical protocol, which can be modified to suit the speed of analysis, type of sample, and type of pipettes available in individual laboratories. Pipette 10 iLl of plasma or standard into a reaction cuvette and add 1000 iLl of working buffer/enzyme mixture. Load the reaction cuvettes into the racks and place them into the input magazine of the instrument. Having set up the machine as stated earlier, the reagent pump is primed with the NAD solution and set to deliver 100 iLl. The reaction cuvettes are then fed through in accordance with the manufacturer's instructions.
Determine the absorbance change per minute from the recorder trace using the comparator provided and, having subtracted the reagent blank, determine the sample glucose concentration by reference to a calibration curve. 
Buffer pH
The pH optimum of glucose dehydrogenase is around 7 and buffer dependent. Using a 0·12 mol/l sodium phosphate buffer, the effect of pH over the range 6'5-8'5 on the reaction kinetics was investigated. From Fig. 1 it can be seen that the pH optimum is in the region of 7·0 with a rapid fall in the rate of oxidation of glucose above pH 7'5.
was set up on the 0-0'05 absorbance scale, in 'increase' mode, measurement time one minute, with the background absorbance set at zero, for 340 nm.
The specificity of the enzyme in relation to the nature of the hydrogen acceptor was confirmed by loading 100 samples of a plasma pool onto the machine and running the assay with a 6O-second 
Effect ofperch/oric acid on assay system
Increasing amounts of perchloric acid from 0·16 fIomol up to 40 fIomol were added to cuvettes containing 10 fIol of a 20 rnmol/I glucose standard. The reaction rate curve was not found to alter in either sensitivity or shape over the whole range of perchloric acid levels, indicating that an acceptable assay system can be achieved with perchloric acid extracts of whole blood.
Precision and recovery
The within-batch precision was determined by analysing 20 replicate samples containing low and high concentrations of glucose (see Table 2 ). The within-batch precision of other suitable systems are also included in Table 2 ; the improved precision at the higher sample volumes probably reflects the performance of the diluter employed. The between-batch precision was determined by repeated analysis of two samples of plasma stored frozen over a period of 20 working days. Data for the plasma system described are shown in Table 2 . (oxidase method) + 0·03 r = 0·987.
COMPARISON OF RESULTS
One hundred samples of blood were taken from the routine workload of the laboratory, and the plasma glucose was measured by the method described.
The plasma glucose was also determined using an AutoAnalyzer method employing glucose oxidase with guiacol as oxygen acceptor (Gutteridge and Wright, 1968) . The results (Fig. 3) show a good correlation between the two methods. A further 100 samples of blood from a diabetic clinic were collected, and one volume of blood was added to two volumes of ice-cold perchloric acid (0'8 mol/I), After thorough mixing and centrifugation the acid supernatant was removed for analysis, and glucose was measured by the methods described in this paper, modified to use 30 iLl of sample to account for the dilution. The acid supernatant glucose level was also measured using the hexokinase procedure described by Cramp (1970) . The results (Fig. 4) show a good correlation between the two methods.
Stability of reagent
The stability of the working and stock enzyme reagents was assessed by the performance of the working reagent over a period of several weeks. It was found that, if the stock glucose dehydrogenase reagent was stored at 4°C when not in use, then its activity was retained for at least four months with no loss of method performance. The working enzyme reagent was stable for at least one week if stored at 4°C when not in use.
Discussion
Several enzymatic procedures are available for the Analytical recovery of glucose was determined by adding a known amount of stock glucose standard to samples of plasma. The recovery of glucose was then measured using the method described for plasma and using the deproteinised sample (obtained by adding two volumes of 0'8 rnol/l perchloric acid to one volume of plasma). The results for each system are shown in Table 3 . measurement of glucose in biological fluids. In the case of glucose oxidase, certain substances, including uric acid and ascorbic acid, have been reported as interfering with some techniques (Passey et al., 1977) . The determination of glucose with hexokinase is more complicated but demonstrates a greater degree of specificity. The enzyme is expensive and the cost per test can be significant. The use of the enzyme glucose dehydrogenase has the advantage of overcoming many of the problems associated with other enzymatic procedures.
Early attempts to isolate a glucose dehydrogenase preparation were hampered by contamination with NADH-consuming enzymes, sometimes called NADH oxidases (Banauch et al., 1975) , which invalidated the use of the dehydrogenase as an analytical reagent. Subsequently removal of these enzymes has led to the development of a specific enzymatic assay procedure. The enzyme specificity for carbohydrates is high, significant interference occurring only with xylose at very high concentration (Pauly and Pfleiderer, 1975) . The specificity of the system is further enhanced by the use of NADH as a hydrogen acceptor and the specificity of the glucose dehydrogenase for this acceptor. Several methods have been described using glucose dehydrogenase. Banauch et al. (1975) described a manual end-point, a manual kinetic, and an AutoAnalyzer procedure. The manual procedure employed ] 8 units of glucose dehydrogenase per assay, the reaction being completed in 5 minutes in the presence of mutarotase. The amount of enzymes used could be reduced without loss of sensitivity by determining the NADH product colorirnetncally as a formazan.
The manual kinetic procedure described by Banauch et al. (1975) employed only 1·2 U of glucose dehydrogenase with measurement of the rate of reaction at 25°C over a period of 3 minutes. The saving in terms of expensive enzyme reagent is comparable with the quantities described in this paper.
An automated kinetic procedure employing the GEMSAEC centrifugal analyser has been described (Lutz and Fluckiger, ] 975). The reaction course at 25°C is not perfectly linear, and calibration is linear only to 33·3 mrnol/l. The authors did not consider the use of mutarotase to be important, and its absence may account for the slightly non-linear reaction kinetics and lower analytical range compared with the results reported here.
Glucose dehydrogenase has also been employed in immobilised form, offering good reagent stability and economy (Kuan et al., 1977) , but the method as described is linear only up to a sample glucose concentration of 22·2 rnrnol/l. c. P. Price and K. Spencer The method described in this paper offers a rapid procedure with a linear calibration range up to 55 rnrnol/l. The short assay time and good analytical range of the method are in part due to the use of the LKB 2086 reaction-rate analyser. The instrument is designed with two absorbance ranges, and therefore glucose levels between 0 and ] 5 rnrnol/l are accommodated on the lower range and 0 to 55 mmol{l on the higher range.
Several analytical instruments for kinetic measurements are available with small absorbance range facilities; the technique can therefore be applied to a variety of instruments for both batch and single sample analysis.
The small sample volume of 10 iLl is of considerable value in paediatric and diabetic clinic work where heel or thumb prick samples may be used. The sample volume may easily be increased, leading to a further reduction in analysis time or to a reduction in the amount of glucose dehydrogenase used in the assay procedure. With low sample volumes it is possible to employ precipitating reagents like perchloric acid, without the need to increase reagent enzyme concentration, due to acid inactivation, as has been the case with other kinetic assay systems (Price et aI., 1977) . The ability to vary the sensitivity of the method does allow its application to many different types of equipment with no loss of analytical performance; the only variation will be the cost of reagent per test. Reagents for the method described in this paper are available in commercial kit form (BDH Chemicals, Poole, Dorset) and, when supplemented with buffer and additional coenzyme, give a cost per assay of less than one penny.
In summary, the technique is highly specific and can be applied to blood and other body fluids. It is linear up to 55 rnrnol/l, and therefore sample dilution is practically unnecessary. The analysis rate of 50 or 100 samples per hour with a sample volume of 10 iLl or 20 fLl makes it an ideal technique for use in the diabetic clinic.
